5-aza-dC (5-aza-2'-deoxycytidine, clinically known as decitabine) is used to treat some hematopoietic malignancies, but its mechanism of action is not defined. Here we identify a role for covalent PARP1-DNA adducts in cell killing by 5-aza-dC. We demonstrate that covalent PARP1-DNA adducts can be recovered from cells treated with 5-aza-dC alone or in combination with a PARP catalytic inhibitor. PARP1-DNA adducts are predominately 89 kD in length, contain the cleaved PARP1 fragment that is a signature of apoptotic cells, and bear the terminal neo-epitope generated by caspase cleavage. Smaller PARP1-DNA adducts bearing the apoptotic neo-epitope were also detected, but not adducts containing full-length PARP1. DNA-adducted PARP1 fragments thus provide a biochemical link between drug-induced PARP1-DNA adduct formation and cell killing. They support a model in which 5-aza-dC causes DNA damage that recruits fulllength PARP1, which forms covalent adducts that induce apoptosis, resulting in PARP1 cleavage and cell killing.
INTRODUCTION
The cytidine analog 5-aza-2'-deoxycytidine (5-aza-dC), known in the clinic as decitabine, is used to treat myelodysplasia syndrome (MDS) and acute myelogenous leukemia (AML) in patients who are unlikely to tolerate other drugs (Estey, 2013) . Only a fraction of patients responds to 5aza-dC and responses are typically limited in duration, so there is compelling motivation to understand the mechanism of cell killing by 5-aza-dC. 5-aza-dC is incorporated into DNA of replicating cells, where it may become a target for methylation by the maintenance DNA methyltransferase, DNMT1. Treatment with 5-aza-dC rapidly induces proteolysis and depletion of DNMT1, resulting in genome-wide loss of cytosine methylation and extensive epigenetic reprogramming (Ghoshal et al., 2005; Patel et al., 2010; Yu et al., 2018) . The possibility that DNA demethylation might re-activate silenced tumor suppressor genes to limit cell proliferation provided the initial rationale for the use of 5-aza-dC in therapy of cancer, and 5-aza-dC is 2 commonly considered an "epigenetic" drug (Estey, 2013) . However, attempts to correlate 5-aza-dC efficacy with reprogramming of specific genetic networks or pathways in AML cells have not been fruitful (Klco et al., 2013) . A second mechanism by which 5-aza-dC may exert an antitumor effect is by affecting the course of the DNA methyltransferase reaction. In the course of methylation, a catalytic cysteine at the DNMT1 active site forms a covalent bond with the target cytosine (Fahy et al., 2012) . If this cross-link is not reversed, the adducted DNMT1 polypeptide may block DNA replication and cause cell killing. However, the contribution of DNMT1-DNA adducts to cytotoxicity has not been systematically explored, due to the difficulty of isolating DNMT1-DNA adducts from 5-aza-dC-treated cells and the confounding effect of ongoing DNMT1 proteolysis.
DNA damage results from 5-aza-dC treatment, as evidenced by mutations and genomic instability in surviving cells (Juttermann et al., 1994; Jackson-Grusby et al., 1997; Palii et al., 2008; Maslov et al., 2012; Orta et al., 2013; Orta et al., 2014; Burgos-Moron et al., 2018) . A multiprotein complex including not only DNMT1 but also PARP1 responds to damage requiring replicative repair (O'Hagan et al., 2011; Muvarak et al., 2016) . PARP1 is a conserved, abundant and multifunctional eukaryotic enzyme that functions in the DNA damage response, DNA repair and transcriptional regulation [reviewed by (Caldecott, 2014; Pascal and Ellenberger, 2015; Ray Chaudhuri and Nussenzweig, 2017) ]. PARP1 is activated by DNA damage including AP sites, 5'-dRP residues and single-strand breaks; and PARP1 regulates repair by catalyzing "PARylation", addition of poly(ADP-ribose) (PAR) chains synthesized from the coenzyme, NAD+ to itself and other factors. Small molecule inhibitors of PARP1 catalytic activity ("PARPi") compete with NAD binding and prevent PARylation. PARPi are well-tolerated and effective drugs for the treatment of some tumors with repair deficiencies (Pommier et al., 2016; Lord and Ashworth, 2017; Nickoloff et al., 2017; Ray Chaudhuri and Nussenzweig, 2017; Ashworth and Lord, 2018; D'Andrea, 2018) . PARP1 forms covalent adducts in vitro with DNA substrates containing AP sites or 5'-dRP residues; and in cells treated with the alkylating agent, methyl methanesulfonate (Khodyreva et al., 2010; Prasad et al., 2014) . Covalent adducts have considerable potential to contribute to cell killing, and some very potent drugs act by stabilizing covalent protein-DNA adducts formed by topoisomerases, including the camptothecin derivative, topotecan, which targets human topoisomerase 1; etoposide, which targets human topoisomerase 2; and fluoroquinolone antibiotics like ciprofloxacin, which target bacterial gyrase. The possible contribution of covalent PARP1-DNA adducts to cell killing has not been directly established, although PARP1 has long been recognized as part of the apoptotic program. In apoptotic cells, activated caspases 3,7 cleave 113 kD PARP1 to produce fragments of 24 and 89 kD (Kaufmann et al., 1993) , and appearance of the 89 kD PARP1 fragment is a signature of ongoing apoptosis.
Here we show that PARP1 forms covalent DNA adducts in living cells treated with 5-aza-dC. Western blot analysis shows that these PARP1-DNA adducts are apoptotic: they are predominately 89 kD in length, composed of caspase 3,7-cleaved PARP1, and bear the terminal neo-epitope generated by caspase 3,7 cleavage. Smaller PARP1-DNA adducts bearing this terminal neo-epitope can also be identified. Protein-DNA adducts are cytotoxic if not repaired prior to replication, so the caspase-cleaved PARP1-DNA adducts provide a biochemical link between PARP1-DNA adduct formation and induction of apoptosis. These results support a model in which DNA damage induced by 5-aza-dC treatment recruits full-length PARP1, which forms covalent adducts that promote cell killing and activate caspases that cleave adducted PARP1.
RESULTS

Depletion Analysis Implicates DNMT1 and PARP1 Adducts in Drug Sensitivity
Adduct formation was studied in two different cell types, K562 cells, an ENCODE cell line derived from a chronic myelogenous leukemia (CML) patient in blast crisis, which carry a null mutation in TP53; and GM639 cells, which derive from SV40-transformed primary human fibroblasts.
Comparison of cell viability after 66 hr of 5-aza-dC treatment showed that GM639 cells were more resistant to this drug than K562 cells or two other human hematopoietic cell lines, HL-60 cells, a promyelocytic line derived from an AML patient; and CCRF-CEM cells, a T cell line derived from an acute lymphocytic leukemia ( Figure S1 ). Because K562 and GM639 cells derive from different tissues, were transformed by different mechanisms, and differ in status of P53, a major regulator of apoptosis, they were anticipated to exhibit differences in drug sensitivity and apoptosis. Such differences were evident upon using flow cytometry to monitor changes in cell size and morphology caused by treatment with 5-aza-dC; with PARPi, which inhibits base excision repair of lesions caused by 5-aza-dC (Orta et al., 2014) ; or with both drugs, reported to synergize in cell killing (Muvarak et al., 2016) . At 24 hr, the response to 5-aza-dC or PARPi alone (1 µM) was quite limited, but treatment with both 5-aza-dC and PARPi caused clear changes in both forward and side scatter in K562 and GM639 cells ( Figure 1A) . At 48 hr, K562 cells exhibited a modest response to 5-aza-dC and a greater response to PARPi or 5-aza-dC together with PARPi; and GM639 cells exhibited a robust response to these drugs as single agents or in combination. At 96 hr, a robust response was evident in K562 or GM639 cells treated with either drug alone, but cells could no longer be recovered from cells treated with both drugs. Assays of cell killing by dye exclusion showed that dead cells accumulated in cultures of K562 or GM639 cells treated with PARPi but not with 5-aza-dC alone; and that extended culture with 5-aza-dC was better-tolerated than extended culture with PARPi ( Figure 1B ). Cell recovery was reduced at late times (>96 hr), suggesting inhibition of cell division accompanied by ongoing lysis.
If adduct formation contributes to cell killing, then depletion of PARP1 is predicted to improve the viability of cells treated with drugs that promote formation of adducts. To test this, the effects of DNMT1 and PARP1 depletion were determined by treating cells with siRNAs shown to reduce protein levels ( Figure S2 ), then culturing with 5-aza-dC and/or PARPi for four days before carrying out cell viability measurements. Dose response analysis showed that K562 cells were 4 sensitive to 5-aza-dC (EC50 = 0.1 µM), and that depletion of DNMT1 substantially reduced that sensitivity, increasing EC50 10-fold, to 1 µM ( Figure 1C , above). Depletion of PARP1 caused a modest increase in sensitivity, consistent with a role for PARP1 in repair of 5-aza-dC-induced damage (Orta et al., 2014) . K562 cells were sensitive to PARPi (BMN-673; IC50 = 0.2 µM), and depletion of PARP1 reduced PARPi sensitivity 5-fold, to 1 µM, but depletion of DNMT1 did not affect PARPi sensitivity. 5-aza-C, the ribonucleotide analog of 5-aza-dC, also induces DNA demethylation and it is used to treat AML based on this activity. K562 cells were much less sensitive to 5-aza-C (EC50=1 µM) than to 5-aza-dC, and DNMT1 depletion did not affect sensitivity ( Figure S3 ), consistent with distinctly different effects of these two drugs on AML cell viability (Hollenbach et al., 2010) . Synergy of 5-aza-dC and PARPi was evident, as previously reported for K562 cells and other cell types (Orta et al., 2014; Muvarak et al., 2016) . GM639 cells were relatively insensitive to 5-aza-dC ( Figures 1C, S1 ), but depletion of DNMT1 had a protective effect, while depletion of PARP1 caused a modest increase in sensitivity ( Figure 1C , below), as with K562 cells. Depletion of PARP1 diminished sensitivity to PARPi, increasing IC50 3-fold, from 1 to 3 µM.
In contrast, depletion of PARP1 increased sensitivity to the topoisomerase 1 poison, topotecan ( Figure S3 ), which causes DNA damage that depends upon PARP1 catalytic activity for repair (Maede et al., 2014; Murai et al., 2014) . Synergy of 5-aza-dC and PARP1 in GM639 cells was clearly evident by viability analysis; and depletion of DNMT1 or PARP1 protected viability of cells treated with both drugs. Depletion analysis thus supports a possible role for DNMT1-DNA adducts in cell killing by 5-aza-dC, and for PARP1-DNA adducts in cell killing by PARPi.
Treatment with 5-aza-dC and/or PARPi Induces Apoptotic Cleavage of PARP1
In apoptotic cells, activated caspases 3,7 cleave 113 kD PARP1 between residues 214 and 215 (Kaufmann et al., 1993) , generating an 89 kD fragment that bears a novel epitope for antigen recognition at its newly created N-terminal ( Figure 2A ). PARP1 cleavage was assayed in K562 and GM639 cells treated with either 5-aza-dC or PARPi alone (1 µM); or treated with 5-aza-dC for 48 hr followed by PARPi for 18 hr, a regimen that reflects the potential for 5-aza-dC incorporated over multiple cell divisions to enhance eventual damage [e.g. (Palii et al., 2008; Oz et al., 2014) ].
Treatment of either K562 or GM639 cells with 5-aza-dC or PARPi induced PARP1 cleavage that generated the apoptotic 89 kD PARP1 fragment, as evidenced by Western blots of cell extracts probed with an affinity-purified murine mAb specific to the C-terminal catalytic domain (anti-cat-PARP1) that recognizes both 113 kD full-length and 89 kD caspase-cleaved PARP1 ( Figure 2B ).
Reduced levels of 113 kD intact PARP1 accompanied by increased levels of 89 kD cleaved PARP1 were detected in K562 cells treated with 5-aza-dC for 66 hr; and in GM639 cells treated with 5-aza-dC followed by PARPi. Reduced levels of PARP1 were also detected in K562 cells treated with PARPi for 18 hr. PARP1 cleavage in populations of treated cells was confirmed by probing with a monoclonal antibody (mAb) specific for the neo-epitope created by caspase 3,7 cleavage (anti-cc-PARP1 mAb). This antibody detected a modest increase in 89 kD PARP1 levels by 48 hr of 5-aza-dC treatment in K562 cells, and clearly increased levels in K562 cells treated with 5-aza-dC for 66 hr, and GM639 cells treated with 5-aza-dC followed by PARPi. DNMT1 levels were dramatically reduced upon 5-aza-dC treatment, as also documented in other cell types (Ghoshal et al., 2005; Yu et al., 2018) . Surprisingly in K562 but not GM639 cells, DNMT1 levels began to recover at 66 hr; and treatment with PARPi alone or together with 5-aza-dC caused DNMT1 levels to increase. If stabilization of DNMT1 proves to be more general, it may provide a useful biomarker for the clinical response to PARPi.
To establish whether accumulation of cleaved PARP1 was evident in individual cells, aliquots of the same cultures analyzed above by Western blots were stained with a phycoerythrin (PE) conjugate of anti-cc-PARP1 mAb then analyzed by flow cytometry ( Figure 2C ). Less than 1% of cells scored positive in most samples. The exception was GM639 cells treated with 5-aza-dC followed by PARPi , where 3.3% of cells stained positive for cleaved PARP1. This sample also exhibited the most robust PARP1 cleavage upon Western blot analysis ( Figure 2B ).
RADAR/Slot Blots Identify PARP1-DNA Adducts Induced by Treatment with 5-aza-dC or
PARPi
The RADAR extraction method developed in our laboratory Maizels, 2013, 2014) was used to isolate protein-DNA adducts. In this approach, cells are lysed in a combination of chaotropes and detergent, which inhibits endogenous proteases and releases non-covalently bound proteins from DNA; nucleic acids and proteins bound covalently to DNA are recovered by isopropanol precipitation; nucleic acids are digested with Benzonase; and adducts are quantified by immunodetection ( Figure 3A ). RADAR/slot blots [e.g. (Kiianitsa and Maizels, 2013; Aldred et al., 2015; Quinones et al., 2015; Vaz et al., 2016; Mohni et al., 2019) ] probed with a mAb that recognizes an epitope in the catalytic domain of PARP1 (anti-cat-PARP1) showed that PARP1-DNA adducts were induced by treatment of either K562 or GM639 cells with 5-aza-dC ( Figure 3B ).
In K562 cells, PARP1-DNA adducts were induced 3-fold by 5-aza-dC, 2.5-fold by PARPi (olaparib) and 6-fold by 5-aza-dC and PARPi. In GM639 cells, PARP1 DNA adducts were induced 15-fold by treatment with 5-aza-dC alone, 21-fold by treatment with PARPi (BMN-673) alone, and 21-fold by treatment with PARPi and 5-aza-dC. RADAR/slot blots thus establish that covalent PARP1-DNA adducts are induced by treatment with 5-aza-dC and PARPi, alone or in combination.
A RADAR/slot blot probed with an anti-DNMT1 mAb showed that 5-aza-dC treatment of GM639 cells decreased the level of DNMT1-DNA adducts 5-fold relative to untreated cells; and that treatment with the proteasome inhibitor, bortezomib, caused a modest increase in DNMT1-DNA adduct levels ( Figure 3C ). These results are consistent with rapid proteolysis of DNMT1 in response to 5-aza-dC treatment [(Ghoshal et al., 2005; Patel et al., 2010; Yu et al., 2018) ; and Figure 2B ].
RADAR/Western Blots Identify Apoptotic PARP1-DNA Adducts Induced by 5-aza-dC 6
To characterize adducted PARP1, RADAR extracts were analyzed by Western blots. A blot of RADAR extracts from K562 cells treated with 5-aza-dC, PARPi or both drugs was probed with rabbit polyclonal antibody raised against recombinant full-length human PARP1 (anti-fl-PARP1). This antibody recognized 113 kD PARP1 in whole cell extract from untreated cells but did not detect adducts containing 113 kD PARP1 in RADAR extracts of K562 cells ( Figure 4A ). A prominent polypeptide of 89 kD was detected, the size of caspase-cleaved PARP1, in RADAR extracts of cells treated with 5-aza-dC alone (48-66 hr) or with PARPi following 48 hr pre-treatment with 5-aza-dC ( Figure 4A , lanes 4, 5, 10-12). Smaller polypeptides of 40-65 kD were also detected in the same samples. In RADAR extracts of cells treated with PARPi alone, no 89 kD adducts were detected, but faint signals were evident in the 40-65 kD size range ( Figure 4A , lanes 6-9).
To determine whether the adducted 89 kD polypeptide carried the N-terminal neo-epitope generated upon caspase cleavage, RADAR/Western analysis was carried out on duplicate gels run in parallel, each of which contained RADAR extracts from K562 and GM639 cells. One sample on each gel consisted of nuclear extract from K562 cells treated with the apoptotic inducer staurosporine (STS; 1 µM,1 hr), to serve as an internal control for electrophoretic mobility and antibody specificity. The duplicate gels were transferred to nitrocellulose membranes, and one blot was probed with anti-cc-PARP1 mAb, to detect the neo-epitope generated upon PARP1 cleavage; and the other with anti-cat-PARP1, which recognizes an epitope in the PARP1 catalytic domain ( Figure 4B ). The anti-cc-PARP1 mAb detected 89 kD cleaved PARP1 but no other polypeptides in the control extract from STS-treated cells, verifying antibody specificity ( Figure 4B , left, lane 1). The anti-cc-PARP1 mAb detected 89 kD cleaved PARP1 in the RADAR fraction of K562 cells treated with 5-aza-dC ( Figure 4B , left, lane 8), confirming identification of the 89 kD polypeptide detected by anti-fl-PARP1 ( Figure 4A ) as the PARP1 cleavage product. In samples from GM639 cells treated with 5-aza-dC alone or 5-aza-dC and PARPi, the anti-cc-PARP1 mAb identified 89 kD cleaved PARP1 along with smaller polypeptides of 40-65 kD that bear the neo-epitope generated upon caspase 3,7 cleavage ( Figure 4B , left, lanes 3, 4, 6).
Probing the duplicate blot with anti-cat-PARP1, which recognizes the catalytic domain, identified both full-length 113 kD and cleaved 89 kD PARP1 polypeptides in the control sample from STS-treated cells ( Figure 4B , right, lane 1). This mAb identified the 89 kD PARP1 cleavage product and smaller polypeptides among adducts isolated from cells treated with 5-aza-dC and 5-aza-dC followed by PARPi ( Figure 4B , right, lanes 3, 4, 6), but did not detect adducts containing full-length PARP1 in any samples. In RADAR extracts of GM639 cells treated with PARPi alone, 89 kD cleaved PARP1 was not detected, but smaller polypeptides which exhibited essentially identical migration patterns on blots probed with anti-cc-PARP1 and anti-cat-PARP1 ( Figure 4B , compare left and right blots, lane 5). The N-terminal neo-epitope generated upon caspase cleavage must be intact for recognition by the anti-cc-PARP1 mAb, so these smaller polypeptides appear to be generated by proteolysis of the C-terminal of caspase-cleaved PARP1.
To ask if DNMT1-DNA adducts could be detected by RADAR/Western, RADAR extracts prepared from cultures of GM639 cells in three different experiments were resolved on a blot that was first probed with the murine anti-cc-PARP1 mAb, to confirm induction of PARP1-DNA adducts ( Figure 4C, left) . The blot was washed but not stripped of the anti-PARP1 mAb, then probed with a rabbit anti-DNMT1 mAb that recognizes a C-terminal region of DNMT1 close to the site of adduct formation (Figure 4C, right) . The anti-DNMT1 mAb detected intact DNMT1 (180 kD) and minor proteolytic products in the control lane (whole cell extract), but this antibody did not detect a species of 180 kD or smaller in any of the RADAR extracts. These results are consistent with proteolysis of both free and DNA-adducted DNMT1 in response to 5-aza-dC treatment reported by others (Ghoshal et al., 2005; Patel et al., 2010; Yu et al., 2018) ; and confirmed by other results reported here (Figures 2B, 3C ).
DISCUSSION
The analysis reported here shows that treatment with 5-aza-dC, alone or in combination with PARPi, induces PARP1-DNA covalent adducts, which are targeted for cleavage by apoptotic caspases. Considerable effort has been devoted to understanding the mechanism of action of 5aza-dC, but this possibility had not been previously suggested. Although initially surprising, the ability of single agent 5-aza-dC to induce PARP1-DNA adducts is readily explained in the context of the known activities of 5-aza-dC, DNMT1 and PARP1. Incorporation of 5-aza-dC can induce DNA damage, either directly or as a result of aberrant repair of the normally transient covalent DNA adducts formed by DNMT1 (Juttermann et al., 1994; Jackson-Grusby et al., 1997; Palii et al., 2008; Maslov et al., 2012; Orta et al., 2013; Orta et al., 2014; Jeltsch and Jurkowska, 2016; Burgos-Moron et al., 2018) . Depletion of DNMT1 protected K562 and GM369 cells from 5-aza-dC, indicating that DNMT1 adducts contribute significantly to 5-aza-dC cytotoxicity in both cell types. PARP1 catalytic activity appears to be important for repair of 5-aza-dC-induced DNA damage because PARP1 depletion moderately increased sensitivity to 5-aza-dC. This leads to a working model in which DNMT1-DNA adducts formed in response to 5-aza-dC treatment subsequently rely on PARP1 for repair ( Figure 5 ).
Protein-DNA adducts are cytotoxic if not repaired prior to cell division. Adduct formation and initiation of apoptosis must therefore occur after the final cell cycle has begun, and the structure of recovered adducts will provide a record of events that occurred in the time between adduct formation and cell death. No full-length 113 kD PARP1 DNA adducts were identified; but apoptotic PARP1-DNA adducts bearing the neo-epitope characteristic of cleavage by activated caspases 3,7 were readily detected. Apoptotic 89 kD PARP1-DNA adducts were further degraded by proteases that targeted the C-terminal region. This may be due to activities of proteases specialized for repair of DNA-protein adducts, such as SPRTN (Vaz et al., 2016; Stingele et al., 2017) . Mutational analysis has mapped the region essential for PARP1 interaction with chromatin 8 and PARPi sensitivity to the two N-terminal ZNF motifs, a region lacking from the 89 kD cleavage PARP1 fragment (Pettitt et al., 2018) . Apoptotic cleavage thus separates the region critical for interaction with chromatin from the region that forms adducts (Figure 2A) and is predicted to impair DNA binding necessary for PARP1-DNA adduct formation. Recovery of adducts composed of caspase-cleaved PARP1 therefore supports a model in which adducts formed by full-length PARP1 cause replication arrest which induces apoptosis that results in adduct cleavage, and apoptotic PARP1-DNA adducts provide a biochemical link between induction of PARP1-DNA adducts and cell killing by treatment with 5-aza-dC.
The number of positions substituted with 5-aza-dC increases over the course of continuous culture with drug (Palii et al., 2008; Oz et al., 2014) , which will cause an increase in the number of sites per cell which may recruit PARP1 for repair. This may account for the increased PARP1-DNA adduct recovery per cell late in the course of treatment with 5-aza-dC (48-66 hr; Figure 4C ), as may cell cycle arrest in cells with unrepaired adducts. The number of PARP1 adducts present in a cell can be estimated by comparing the signals in lanes containing a RADAR sample and whole cell extract. In the experiment shown in Figure 4A , treated samples were derived from 300-fold more cells than untreated samples (input of 3x10 6 cell equivalents relative to 10 4 cell equivalents), and the signal from cells treated with 5-aza-dC (1 µM) for 66 hr (lane 5) was approximately 8-fold below that from whole cell extract (lane 1). Assuming that the abundance of PARP1 is 10 6 molecules/cell, then approximately 1/8x300=1/2400 of those molecules, or 400 PARP1 molecules/cell were recovered as 89 kD adducts, a level likely to exceed the level of adducts necessary for cell killing. This suggests that it may be possible to activate PARP1-DNA adduct mediated cell killing by administration of 5-aza-dC at low doses over extended times.
Apoptotic PARP1-DNA adducts of similar structure were identified following 5-aza-dC treatment in both K562 hematopoietic cells and GM639 transformed fibroblasts, which exhibit distinct responses to drug treatment and induction of apoptosis (Figures 1,2) . Cell killing by PARP1-DNA adducts is therefore likely to generalize to additional cell types and contexts. This suggests that it may be possible to extend therapeutic application of 5-aza-dC to solid tumors. A recent study described 5-aza-dC-sensitivity of patient-derived xenograft tissue from triple-negative breast cancers (Yu et al., 2018) . Notably, this study documented a positive correlation between sensitivity and DNMT1 levels, as would be predicted if the pathway for sensitivity involved protein-DNA adduct formation.
PARPi also induced PARP1-DNA adducts, which were evident in RADAR/slot blots of K562 or GM639 cells treated with single agent PARPi ( Figure 3B ). Depletion analysis presented here ( Figure 1C ) and evidence that deletion or ablation of PARP1 protects from PARPi sensitivity (Murai et al., 2012; Pettitt et al., 2013; Pettitt et al., 2018; Thomas et al., 2018) further supports the ability of PARPi to induce cytotoxic PARP1-DNA adducts. The fact that only modest (if any) induction of adducts by PARPi was evident in Western blots suggests that, in cells treated with PARPi alone, PARP1-DNA adducts may undergo proteolysis that generates fragments of heterogeneous size that are not detectable as bands of discrete sizes in Western blots.
PARPi are well-tolerated and effective drugs for the treatment of cancer, but currently their use is largely restricted to cancers with germline deficiencies in BRCA1/2. PARPi's were first used to treat tumors with defects in homology dependent repair (HDR) resulting from BRCA1 or BRCA2-deficiency (Bryant et al., 2005; Farmer et al., 2005) . The mechanism initially proposed to explain cell killing by PARPi was that inhibition of PARP catalytic activity prevents repair of DNA nicks, allowing them to accumulate and become converted to replicative DSBs that depend upon HDR. The identification of apoptotic PARP1-DNA adducts reported here suggests that it may be worthwhile to explore other mechanisms of cell killing by PARPi, as this may enable the extension of PARPi therapy to new contexts.
METHODS
Cell culture, viability assays, siRNA depletion and drug treatment
K562, HL-60 and CCRF-CEM cells were obtained from ATCC and cultured in RPMI medium with 10% fetal calf serum. GM639 cells, an SV40-transformed human fibroblast line (gift of Dr. Ray Monnat, University of Washington), were cultured in DMEM medium with 10% fetal calf serum.
Bortezomib and olaparib were from LC Laboratories and talazoparib (BMN-673) from ApexBio. 5aza-dC was obtained from Calbiochem/EMD Millipore; 5-aza-cytidine from Sigma; and topotecan from Enzo Life Sciences; Ambion Silencer® Select siRNAs to PARP1 (#4427038; s1099), DNMT1 (#4427038; s4216) and Negative Control No. 2 siRNA (siNT2, #4390846) were purchased from Thermo Fisher. siRNA nucleofection of K562 cells was carried out according to the protocol provided by Lonza. siRNA transfection of GM639 cells was performed using Lipofectamine RNAiMax (Invitrogen) according to the manufacturer's protocol. siRNAs were verified to reduce protein levels in K562 and GM639 cells by Western blots (Figure S2 ). Drug response was assayed at 48-72 hr after initiation of siRNA treatment. Cell viability was measured using the CellTiter-Glo® assay (Promega).
Control extracts that contained both 113 kD PARP1 and the 89 kD PARP1 cleavage product were generated from cells treated with staurosporin (STS; EMD Millipore; 1 µM, 1 hr).
Antibodies
Primary antibodies used for Western blot analyses were: rabbit polyclonal antibodies raised against recombinant full-length PARP1 (anti-fl-PARP1, ALX-210-302-R100, Enzo Life Sciences; 1:4000 dilution); clone 7D3-6, an affinity-purified mouse monoclonal antibody (mAb) that recognizes an epitope in the C-terminal NAD binding and catalytic domain of human PARP1 (anticat-PARP1, #556493, BD Biosciences; 1:1000 dilution); clone F21-852 mouse mAb specific for the neo-epitope generated at the N-terminal of the 89 kD PARP1 fragment formed after cleavage by apoptotic caspases between Asp214/Gly215 (anti-cc-PARP1, #552596, BD Biosciences, 1:2000 dilution); a rabbit mAb that recognizes an epitope between residue 1500-1600 near the C-terminal of DNMT1 (anti-DNMT1, ab188453, Abcam; 1:1000 dilution); and clone DM1A mouse mAb that recognizes a-tubulin (anti-tubulin, ab7291, Abcam; 1:4000 dilution). Secondary detection was carried out using HRP-conjugated goat anti-mouse IgG or donkey anti-rabbit IgG (BioLegend, #405306 and #406401, respectively; 1:5000 dilution). Immune complexes were visualized using the ECL system (Pierce).
A phycoerythrin (PE)-conjugated derivative of the anti-cc-PARP monoclonal (#552933, BD Biosciences) was used for detection of intracellular cleaved PARP1 by flow cytometry.
Flow cytometry
Approximately 1x10 
Nucleic acid and protein quantification
DNA and RNA were quantified using DNA/RNA specific fluorescent detection kits (Qubit, Invitrogen). Total protein was measured using BCA detection kit (Pierce).
RADAR/Western analysis
DNA-protein adducts were purified for RADAR/Western analysis using an adaptation of the RADAR (rapid approach to DNA adduct recovery) fractionation protocol in which cells are directly lysed in the presence of chaotrope and detergents, after which nucleic acids including protein-DNA adducts are separated from total protein by precipitation in alcohol Maizels, 2013, 2014) . For recovery of adducts from GM639 cells, 10-15 x 10 6 cells were harvested by centrifugation and washed in PBS prior to fractionation; up to 4-fold more starting material was used for recovery of adducts from K562 cells. PARP1 is an abundant protein (1-2x10 6 molecules/cell). To reduce potential background of non-covalently bound PARP1, we introduced two additional steps into the fractionation procedure. (1) Cytoplasm, including rRNA and up to 75% of total protein was eliminated by quick lysis in 1 ml MPER reagent (Pierce/Thermo Fisher) supplemented with Halt protease inhibitor cocktail (Thermo Fisher) and 1 mM DTT.
Homogenization was performed by 8-10 pipet strokes. After 2 min centrifugation at maximal speed, nuclear pellets (MPER-P) were collected by brief centrifugation. The MPER-P fraction includes essentially all genomic DNA, as less than 1% DNA was detected in the supernatant (MPER-S). Western blot analysis showed that PARP1, DNMT1, Top1 and histone H3 were exclusively in the MPER-P fraction.
(2) The MPER-P pellets were promptly lysed in 400 µl of RADAR lysis buffer (LS1), consisting of 5 M guanidinium isothiocyanate (GTC), 2% Sarkosyl, 10 mg/ml DTT, 20 mM EDTA, 20 mM Tris-HCl (pH 8.0) and 0.1 M sodium acetate (pH 5.3), and adjusted to final pH 6.5 with NaOH. Lysates were transferred to polystyrene tubes (Evergreen) and sonicated on ice using a cup horn device (QSONICA) with ten 30 sec pulses at amplitude 100, and 60 sec cool-off time between pulses. Sonication yielded an average DNA size of 500 bp.
After sonication, lysates were mixed with 80 µl 12 M LiCl (final concentration 2M LiCl, 4.16 M GTC) and incubated for 10 min at 37ºC on the Thermoshaker, then cleared by 10 min centrifugation at 14,000 rpm at room temperature prior to conservative recovery of the supernatant. Lysates (volume approximately 450 µl) were transferred to new tubes, mixed with an equal volume of isopropanol; and nucleic acids were precipitated by 5 min centrifugation at 14,000 rpm at room temperature. Silica was not included to assist DNA precipitation as it had an adverse effect on purity when processing high numbers (more than 10 7 ) of cells. Pellets were washed thrice by vortexing with 1 ml 75% ethanol, followed by 2 min centrifugation. Nucleic acid pellets were dissolved in 100-200 µl of freshly prepared 8 mM NaOH by 30-60 min shaking on a Thermomixer at 37ºC. pH of eluates was neutralized by addition of 1 M HEPES to a final concentration of 10 mM. The resulting samples contained mostly genomic DNA and some nuclear RNA. The DNA/protein weight ratio was 100:3 or higher, comparable to adducts prepared by ultracentrifugation in a CsCl gradient.
Prior to gel electrophoresis, samples containing 10-30 µg genomic DNA each were treated with Benzonase nuclease (EMD Millipore; 0.5 units per µg DNA) in the presence of 2 mM magnesium chloride for 30 min at 37ºC to digest DNA. Completeness of nuclease digestion was verified by Qubit assays. Samples were resolved on precast 4-12% gradient protein gels (Bolt, Invitrogen), transferred to nitrocellulose membranes (0.45 µM pore, Invitrogen) and probed with antibodies in PBST buffer (PBS containing 0.05% Tween 20) with 0.5% alkali-soluble casein (Novagen) as blocking agent.
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Figure 2. Induction of Apoptosis and Apoptotic Cleavage of PARP1
(A) The diagram shows 113 kD PARP1, the three zinc finger motifs (FI, F2 and F3) in the DNA binding domain (DBD), a region essential for formation of covalent PARP1-DNA complexes in vitro (adducts) ref. Prasad et al, 2014 , the BRCT domain, WGR repeats and NAD binding and catalytic domain (Smith, 2001; Soldani and Scovassi, 2002; Langelier and Pascal, 2013) . In apoptotic cells, activated caspases 3/7 cleave PARP1 between residues Asp214 and Glu215 to generate 24 kD and 89 kD fragments from the N-and C-termini, respectively. This creates a neo-epitope at the new N-terminal of the larger cleaved PARP1 fragment.
(B) Western blot analyses of extracts of K562 or GM639 cells which were not treated (NT) or treated with 1 µM 5-aza-dC (D) or 1 µM PARPi (BMN-673, B) for indicated times; or treated with 5-aza-dC for 48 hr prior to addition of PARPi and further culture for 18 hr (D/B 48/18 hr). Blots were probed with mAbs specific for the neo-epitope on caspase-cleaved PARP1 (anti-cc-PARP1); the PARP1 catalytic domain (anti-cat-PARP1); DNMT1; or anti-tubulin. (C) Western blot analysis of adducts isolated from GM639 cells in three independent experiments (Expt. 1, 2, 3). Notations as in panel B, except that in Expt. 1 cells were pre-treated for 24 hr with 5aza-dC prior to addition of PARPi for 24 hr (D/B 24/24); and in Expt 2, cells were cultured continuously in both 5-aza-dC and PARPi (D+B) for indicated times. Samples were resolved on a single gel. The resulting blot was first probed with anti-cc-PARP1, then washed but not stripped and probed with anti-DNMT1. Ladder polypeptide sizes indicated between images. Arrow identifies DNMT1. Effect of depletion of DNMT1 or PARP1 on the response of K562 or GM639 cells to drug treatment quantified by CellTiter-GloÒ viability assays. Cells were treated for 48 hr with siDNMT1, siPARP1, or non-specific siRNA, siNT2; then cultured for 96 hr with azacytidine (5-aza-C, AZA; 0-4 µM); or for 48 hr with topotecan (0-1 µM). 
